We constructed linear covalently closed (LCC) DNA minivectors as a non-viral gene-delivery vector alternative produced via a simple platform in vivo. DNA ministrings possess a heightened safety profile and also efficiently deliver DNA cargo to targeted cells. Conventional DNA vectors carry undesirable prokaryotic sequences, including antibiotic resistance genes, CpG motifs, and bacterial origins of replication, which may lead to the stimulation of host immunological responses. The bioavailability of conventional DNA vectors is also compromised due to their larger molecular size. Their circular nature may also impart chromosomal integration, leading to insertional mutagenesis.
Introduction
The goal is to produce scalable quantities of linear covalently closed (LCC) DNA minivectors using a simple and high efficiency one-step heatinducible in vivo DNA ministring production system. DNA ministrings provide a safe and effective non-viral strategy to deliver DNA. They combine the safety of LCC vectors with the efficiency of DNA minicircles, and also offer a safer alternative to virus-derived vectors without compromising transfection efficiency.
In order for a transgene delivery system to be successful, the DNA vector must enter the target host cell and express the encoded transgene(s). There are several cellular barriers that need to be overcome in practice, particularly in mammalian systems. In order to avoid degradation by serum nucleases and immune detection by reticulo-endothelial system, the DNA vector must be bio-and immune-compatible with target system. Unprotected DNA is quickly digested by plasma nucleases and the plasmid membrane is composed of dense lipoprotein barriers so the DNA vector must be capable of rapidly crossing the plasma membrane of target cells. Once in the cell, vectors must traverse the cytoplasm and pass through the nuclear membrane to enter the nucleus for transgene expression. Non-viral gene delivery techniques focus on enhancement of tissue-and cell-targeting. However, the use of conventional plasmids with these techniques reduces transfection efficiency due to the presence of immunogenic bacterial sequences, which rapidly silences gene expression 1, 2 . Conventional plasmids typically carry antibiotic resistance genes for maintenance in prokaryotic systems. However, these may produce potential adverse effects in human hosts or impart resistance to naturally occurring host flora via horizontal gene transfer effects. Conventional plasmids also contain dinucleotide CpG motifs 2 , which can trigger an unwanted immunostimulatory response, potentially reducing or silencing transgene expression.
As they are solely comprised of the eukaryotic expression cassette, DNA minivectors, such as DNA minicircles 3 , are a better alternative for gene delivery as they exhibit improved extracellular and intracellular bioavailability and improved gene expression due to their reduced size and absence of immunostimulatory prokaryotic elements 4 . The reduced vector size fares better with respect to resistance to shear forces associated with in vivo administration to a target site 5 . The higher copy number of the vector per unit mass requires less transfection reagent, thus decreasing toxicity. However, in the event of random vector integration into a host chromosome, circularly covalently closed (CCC) vectors, including both DNA minicircles and conventional plasmids, impart molecular continuity and therefore may lead to insertional mutagenesis, Copyright © 2016 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported License February 2016 | 108 | e53177 | Page 2 of 7 which can have devastating consequences 6 . Comparatively, integration of a linear DNA vector disrupts the chromosome and initiates cell death pathways, thereby removing the mutant cell from the proliferating cell population and preventing insertional mutagenesis 7 . Minimalistic immunologically defined gene expression (MIDGE) vectors 8 and micro-linear vectors 9 (MiLV) are LCC DNA vectors developed in vitro. MIDGE vectors have exhibited up to a 17-fold improved transgene expression in vivo compared to conventional plasmid DNA vectors 11 , and have demonstrated promising results in vaccine 10 and cancer 8 gene therapy. In addition, due to the torsion-free structure of the LCC minivector, less transfection reagent is required in comparison to the CCC supercoiled counterpart, thus reducing toxicity 7 .
Our enhanced LCC DNA vectors, DNA ministrings, have demonstrated superior expression efficiency and bioavailability 7 . Furthermore, DNA ministrings are produced on a one-step heat-inducible in vivo production system, an expedient and cost-effective alternative to MIDGE and MiLV LCC vectors, which require multiple steps in vitro. The DNA ministring production system to be demonstrated is a simple heat-inducible process performed in vivo, making it both cost-effective and easily scalable. This system exploits the Yersinia enterocolitica bacteriophage PY54-derived Tel/pal protelomerase recombination system 12 to separate the minimal eukaryotic expression cassette from the prokaryotic plasmid backbone. We have engineered Escherichia coli cells (W3NN) to express Tel protelomerase under the control of the heat-inducible bacteriophage λ promoter, cI[Ts]857 13 . Upon expression, Tel protelomerase acts on pal target sites present within "Super Sequence" (SS) sites located on the precursor plasmid to yield LCC products, from which the DNA ministring can then be purified (Figure 1) . The SS sites on the DNA ministring precursor plasmid also encode target sites for other recombinases including Cre recombinase (lox), TelN protelomerase (telRL) and Flp recombinase (FRT), thereby facilitating the production of isogenic LCC and CCC minivectors from one precursor plasmid. In addition, each SS site is flanked on both sides by SV40 enhancer (SV40e) sequences, which serve to improve nuclear translocation 14 . We have demonstrated elsewhere that successive addition of SV40e progressively confers corresponding increases in transfection efficiency 7 . The precursor plasmid (pDNA MiniString or pDMS) contains a polylinker (Figure 1) to facilitate insertion of any desired gene of interest in transcriptional fusion with the green fluorescent reporter (GFP).
The DNA minivector technology may be used in place of conventional methods for gene transfer, expression of reporter genes, and assessments towards the efficiency of transgene expression in eukaryotic systems. DNA ministrings combine the biocompatibility and increased transfection efficiency benefits of "mini" vectors with the superior safety profile of linear DNA vectors. Our robust one-step production platform rapidly and easily produces DNA ministrings for any gene transfer application and offers a higher safety profile. 
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of reporter genes, as well as in assessments towards the efficiency of transgene expression in eukaryotic systems. DNA ministrings combine the biocompatibility and increased transfection efficiency benefits of "mini" vectors with the superior safety profile of linear DNA vectors. Our robust one-step in vivo production platform rapidly and easily produces DNA ministrings for any gene transfer application without the need for multiple costly in vitro processes.
There are several critical steps to ensure optimal ministring production (Figures 2 and 3) . Heat induction is the most critical step to ministring production. Complete lack of ministring production is most likely due to lack of heat induction (cells retained at 30 °C), where repression of protelomerase expression prevents conversion of precursor plasmid to LCC ministring. Following the heat induction protocol, expect a production efficiency of approximately 75%. Heat induction is optimal while cells are in log phase. Though there is no statistically significant difference in ministring PE when using cells in stationary phase (" Overgrown", Figure 3) , we did observe almost a 50% decrease in overall plasmid yield. Yields will depend on the plasmid extraction protocol used. For optimal ministring production, trigger heat induction while cells are in log phase. Poor ministring production will most likely be a result of prolonged temperature upshift or insufficient temperature downshift. Prolonged temperature upshift is discouraged as this activates the E. coli heat shock response 15 , which may inhibit protelomerase activity and interfere with plasmid stability. Therefore, timing the temperature downshift is another critical step for efficient ministring production. Without additional incubation time at 30 °C, ministring production efficiency was found to be very poor (" Early Removal", Figure 3 ). This may be attributed to the amount of time required for Tel expression and activity. The originating prophage PY54 encoding Tel protelomerase normally infects Yersinia, which optimally grows around 28 °C 12 , indicating that 30 °C may also be more optimal for Tel activity.
The DNA minivector production system utilizes an in vivo platform to generate high quality bacterial sequence-free DNA minivectors. Modifications to the protocol may include altering the growth media to optimize plasmid and protein production in order to promote cell growth during the growth phase (TB instead of LB), or increase ministring production and conversion efficiency. For larger culture volumes (200 ml and greater), temperature downshift and incubation at 30 °C may be extended overnight without severe negative impact on ministring PE. We have included modifications in our protocol for 500 ml cultures as an example. Purification of DNA ministrings can be expedited through in vitro endonuclease digestion of the prokaryotic backbone. There are a number of endonuclease target sites (e.g., PI-SceI, PvuI, ScaI) available on the prokaryotic backbone of the precursor plasmid, which can be cut to expose open linear ends, allowing for in vitro degradation of the prokaryotic backbone. Isolation of ministrings from other vector species can also be achieved through anion exchange membrane chromatography 16 .
One current limitation associated with the LCC DNA vector production system is the need for purification of the DNA ministring from other LCC and CCC products. Although easily purified using standard plasmid isolation methods, the isolation step can still be a disadvantage in a largescale setting. Separation of the ministring can be time-consuming using AGE if the ministring and the LCC prokaryotic backbone are too similar in size. Alternatively, anion exchange membrane chromatography may provide better separation of ministrings from CCC vector species 16 .
Temperature upshift can be another potential limitation as high temperatures also activate the heat shock response in E. coli, which negatively affects recombinant protein yields 17 and consequently reduce rates of plasmid to ministring conversion. We report elsewhere optimizations of the production platform to circumvent and/or mitigate such effects of heat shock 18 . We are also currently optimizing methods to eliminate or reduce LCC prokaryotic backbone contamination in vivo.
Chromosomal integration of the LCC DNA ministring disrupts the host chromosome and subjects the cell to apoptosis. Not only does this reduce potential negative consequences of insertional mutagenesis such as oncogenesis and silencing of adjacent genes, thereby improving its safety; the lethal effect can also serve as an ideal method for knock-in and gene replacement studies without the associated side effects and damage of integration. DNA ministring vectors can be applied towards the transfer and expression of genes for therapeutic proteins, RNA, antibodies, or antigens into a given target in vivo or replace a mal-or non-functional allele. The simple one-step heat-inducible in vivo production system allows DNA ministring vectors to be easily produced for clinical or industrial applications.
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